We present an implementation of all-diamond scanning probes for scanning nitrogen-vacancy (NV) magnetometry fabricated from (111)-oriented diamond material. The realized scanning probe tips on average contain single NV spins, a quarter of which have their spin quantization axis aligned parallel to the tip direction. Such tips enable single-axis vector magnetic field imaging with nanoscale resolution, where the measurement axis is oriented normal to the scan plane. We discuss how these tips bring multiple practical advantages for NV magnetometry, in particular regarding quantitative analysis of the resulting data. We further demonstrate the beneficial optical properties of NVs oriented along the tip direction, such as polarization-insensitive excitation, which simplifies optical setups needed for NV magnetometry. Our results will be impactful for scanning NV magnetometry in general and for applications in spintronics and the investigation of thin film magnets in particular.
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Scanning probe magnetometry using nitrogen-vacancy (NV) center electronic spins in diamond offers a unique combination of spatial resolution, magnetic field sensitivity and quantitative magnetic imaging [1, 2] . These combined performance characteristics have led to room-temperature imaging of single electron spins [3] , nanoscale domains in multiferroics [4] and antiferromagnets [4, 5] , and to cryogenic experiments addressing superconductors [6] [7] [8] and magnetism in atomically thin crystals [9] . These and other studies have demonstrated how scanning NV magnetometers can yield valuable insights into materials of high scientific and technological interest, beyond the capacity of existing nanoscale imaging methods.
Magnetometry based on NV center spins [10] builds on the extraordinary properties of this point defect in diamond that consists of a nitrogen atom adjacent to a lattice vacancy ( Fig. 1(a) ). The negatively charged NV center has a ground state electronic spin-1, which is quantized along the NV binding axis, e NV , and which can be readily initialized and read out by optical pumping and spin-dependent fluorescence [11] . These properties, along with the NV spin's response to magnetic fields through the Zeeman effect, render the NV spin an effective single-axis vector magnetometer, where, e.g., optically detected magnetic resonance (ODMR) can be employed for precise measurements of B NV = B ext · e NV , the projection of an external magnetic field B ext onto e NV [10] .
All-diamond scanning probes hosting individual NV spins in nanopillars ( Fig. 1(b) ) offer a particularly powerful approach to perform nanoscale NV magnetometry [1] and have been the basis of key achievements in the field [3] [4] [5] [6] [7] [8] [9] 12] . All reported implementations of such scanning probes thus far consisted of diamond tips fabricated from (100)-oriented starting material -the most commonly available crystal orientation for high purity diamonds. As a result, such (100)oriented scanning probes yield nanoscale magnetic field maps * Corresponding author: patrick@maletinsky.com of B NV , where the measurement axis e NV 111 is oriented at 54.7 • from the sample normal. However, as will be discussed in the following, such vector magnetometry obtained with oblique measurement angles does not offer the optimal measurement configuration and could be significantly improved if NV centers oriented normal to the scanning plane could be employed. It has been well established in scanning probe magnetic imaging that single-axis vector magnetometers measuring the out-of-plane (OOP) magnetic field component with respect to the scanning plane yield the best possible measurement configuration [13] , in particular to determine quantitative information about the underlying sample magnetization [14] .
The key underlying reason is that a vector magnetic field image of any in-plane field component inherently lacks information about Fourier components of the magnetic field map corresponding to k-vectors perpendicular to the measurement axis. An OOP vector magnetometer is therefore the only configuration that avoids such loss of information, yielding a better signal-to-noise ratio in commonly employed reverse propagation methods [13, 15] . Additionally, stray field maps obtained with non-OOP magnetometers exhibit distortions, which complicate their direct interpretation, as illustrated by the calculated maps shown in Fig. 1 (c) and (d). Besides these general advantages of an OOP measurement axis, the photophysics of the NV center demands that the NV axis e NV be aligned to the external magnetic field for field amplitudes > ∼ 10 mT in order to maintain sizable ODMR contrasts [16] . For studies of many prominent physical phenomena, such as quantum Hall [17] or Skyrmion [18] physics, this requirement can only be satisfied by an OOP NV orientation. Lastly, an OOP NV orientation is also advantageous in that it maximizes the overlap of the NV optical dipoles with the waveguide mode of the scanning diamond nanopillar and thereby optimizes the optical addressing of NV spins [19] .
Based on this general motivation, we present an experimental realization of scanning NV magnetometry tips with OOP oriented NV spins. Such devices require the use of (111)oriented diamond for scanning probe fabrication, where one of the four possible NV orientations is aligned with the [111] axis and OOP with regard to the resulting scan plane. Fabrication of diamond nanopillars on (111)-oriented diamond has been demonstrated previously [19] , however no scanning probe fabrication or NV magnetometry operation has been demonstrated for this crystal orientation thus far. In this work we overcome this shortcoming, characterize the key properties of our resulting (111)-oriented, all-diamond scanning probes and experimentally demonstrate their performance in nanoscale magnetic imaging.
The starting point for our fabrication was electronic grade, (111)-oriented single crystal diamond (IIa technologies) which was laser-cut and polished to a 50 µm thin diamond plate. Near-surface NV centers were created by ion-implantation with 14 N at 6 keV and a density of 3 × 10 11 cm −2 , followed by vacuum annealing at 800 • C. Following the fabrication recipe reported elsewhere [2] , this implantation density resulted in an average of two NV centers per scanning probe. We obtained arrays of 10 µm × 20 µm sized cantilevers holding ∼ 300 nm diameter nanopillars, where cantilevers and pillars had a depth of 2 µm each ( Fig. 2(a) ). cantilevers were detached from bulk diamond using micromanipulators and suitably attached to a quartz tuning fork for atomic force feedback control [2] . To characterize the resulting NV scanning probes for magnetometry, we performed confocal optical imaging ( Fig. 2(b) ) using a homebuilt confocal microscope operating under ambient conditions. The NV centers were addressed using a microscope objective with numerical aperture 0.8, excited nonresonantly with a green laser (532 nm) and the NV fluorescence was collected between 600 nm and 800 nm wavelength. A metal wire placed close to the focal spot of the microscope was used to apply microwave magnetic fields to drive NV spins for ODMR.
Our fabrication resulted in a few hundred scanning probes on the diamond chip, a subset of which was investigated for the present study. Applying a magnetic field along the sample normal allowed us to discriminate the OOP-(i.e.
[111])-oriented NVs from the non-OOP-(i.e. [111], [111] or [111])-oriented ones (Fig. 2(c) ). Specifically, ODMR of OOP-oriented NVs shows a Zeeman splitting 2γ NV B NV , with γ NV = 28 GHz/T the NV's gyromagnetic ratio, that is three times larger than that of the other three orientations (Fig. 2(d) ).
In addition, we explored the excitation polarization dependence of NV fluorescence in our devices. This allows for a microwave-free discrimination of NV orientations, based on the fact that the NV center's optical transitions are related to two optical dipoles lying in the plane orthogonal to the NV axis [20] . For linearly polarized excitation well below saturation, the NV excitation rate is then directly proportional to the projection of the excitation polarization onto these dipoles. Basic geometrical considerations yield the dependence of fluorescence intensity I NV on the angle of excitation polarization ϕ e as I NV (ϕ e ) = I 0 for OOP-oriented NVs and I NV (ϕ e ) = I 0 sin 2 (ϕ e − ϕ NV ) + 1 9 cos 2 (ϕ e − ϕ NV ) otherwise, where ϕ NV is the azimuthal angle of the NV axis (cf. Fig. 2(c) ) [21, 22] .
In our experiment, we used a liquid crystal polarization rotator (Thorlabs) to rotate the linear polarization of the excitation laser, set to a power below NV saturation, while collecting single NV fluorescence without polarization discrimination. Fig. 3(a) shows data for three representative NVs oriented along the three non-OOP-oriented NV axes, where we observe distinct minima of I(ϕ e ), reaching ∼ 0.23 I 0 at ϕ e = ϕ NV for each dataset. As expected, ϕ NV is shifted by ±120 • between the three cases. The minima of I(ϕ e ) exceed the expected value of 1 9 I 0 -an observation we assign to background fluorescence and the onset of optical saturation. For the OOP-oriented NV centers ( Fig. 3(b) ), we observe a weak polarization dependence, which we attribute to mechanisms that break the cylindrical symmetry of the examined structures, such as off-center positioning of the NV centers in the pillar [19, 23] , asymmetric pillar shapes, or transverse strain experienced by the NV [24] .
Finally, we conducted experiments to demonstrate the practical benefits of OOP-oriented single NV centers by using a corresponding tip for nanoscale magnetic imaging. For this, we mapped stray magnetic fields emerging from a thin magnetic film (Ta/CoFeB(1 nm)/MgO) with OOP magnetization, as commonly employed for experiments in spintronics and skyrmionics [25, 26] . The sample was patterned into an arrangement of 1 µm wide stripes to generate a non-trivial stray field distribution. For magnetometry, the scanning NV center was positioned in the focus of the confocal microscope, while the sample was scanned laterally below the tip, with the distance between tip and sample stabilized by atomic force feedback [2] . At each point of the scan, we recorded an ODMR spectrum to determine B NV .
A typical NV magnetometry image obtained over a "T- shaped" section of the CoFeB pattern is shown in Fig. 4(a) .
The key outcome of employing an OOP-oriented NV for this experiment is that the measured stray field shows qualitatively the same behavior at every edge of the magnetic film, irrespective of edge orientation. Specifically, B NV shows a sharp signreversal with a zero-crossing and a near-perfect antisymmetric behavior along the magnetic film edge (Fig. 4(c)&(d) ). This behavior is in strong contrast to magnetometry with non-OOP oriented scanning NV centers [5, 6, 8, 9] , where the qualitative behavior of B NV near sample edges depends strongly on the orientation of the edge (Fig. 4(b) ). The quantitative data obtained with our tip can be fitted by an analytical model, from which sample magnetization M and NV-sample distance z NV can be readily extracted [27] . In the present case, where only the OOP component of the stray field is measured, the model for all edges takes the same and particularly simple form
wherex represents the lateral displacement from the magnet edge, µ 0 the vacuum permeability and M the two-dimensional sample magnetization. A fit to the linecuts in Fig. 4 (c)&(d) gave M = 1.07 ± 0.02 mA and z NV = 81 ± 17 nm, 78 ± 2 nm, and 55 ± 2 nm for the three edges observed. The difference in z NV found between the different edges can be explained by geometrical factors originating from a small angular misalignment of the scanning tip with respect to the sample normal ( Fig. 4(e) ). Importantly, we find in all cases that z NV is clearly below 100 nm, demonstrating the excellent spatial resolution of our (111)-oriented diamond probes in NV magnetometry.
In conclusion, we have demonstrated a realization of (111)oriented diamond probes for scanning NV magnetometry, with NV spins oriented normal to the scan plane. With our experiments, including a nanoscale magnetic image using such tips, we have demonstrated how this measurement configuration brings practical advantages on various levels for NV magnetometry. Next to the general advantages for scanning magnetometry, we have also demonstrated specific advantages with respect to the probe's nanophotonic properties. The insensitivity of the NV's optical response to the orientation of linearly polarized laser excitation reduces the required optical powers and lowers experimental complexity for an optimized sensing apparatus. As was shown in earlier works, the orientation of the optical dipoles of OOP-oriented NVs is beneficial also for NV fluorescence collection efficiency, and thereby for magnetometry sensitivity [19, 21] . Future improvements of our (111)-oriented diamond probes will further optimize this aspect and, together with the advantages for NV magnetometry demonstrated in this paper, will be beneficial for the wide range of applications of scanning NV magnetometry in nanomagnetism and mesoscopic physics.
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